Optimizing blast fragmentation and reducing the damage from it are two important research subjects in this field. Detonation and explosive charge induces three sets of tension cracks in the monolith rock. Radial tension cracks are formed under the influence of the pressure wave whose cylindrical propagation induces tension. Along with the explanation of how radial cracks are formed, formulation is given as to how their length can be calculated using laboratory and drill and blast parameters. Cracks subparallel with the free surface (face) are related with amounts of absorbed and recoverable strain energies. The distance between subsequent cracks can be calculated using the results of simple load-unload laboratory tests. Third sets of tension cracks are formed as a result of excessive deformation of the beam or cantilever formed by radial cracks. Once the length of the cracks and the distance between them are known, it is possible to apply these results for estimation of fragment sizes and blasting pattern design.
INTRODUCTION
Blasting is the dominant way of excavation in mining and tunneling and as such has been the subject of research for a long time. The blasting procedure is relatively simple, drilled holes are filled with explosive that is detonated. Detonation and gaseous products induce pressure in the rock and its fragmentation. Blasting pattern design is a process that includes selection of the proper explosive, displacement of boreholes and sequence of initiation. Holes have to be placed at a proper distance from the free surface so that there is enough energy to fracture the rock between the blasthole and free surface.
In hard rock tunneling, the main problem that occurs from blasting is the damage done to the surrounding rock mass. Detonation of explosive induces tension cracks in the rock and depending on the quality of the blasting pattern, these cracks are more or less long and may have an impact on stability and support load. Many researchers have been investigating this problem and nowadays there are a number of reports and models available (Kwon, et al., 2009; Torbica and Lapčević, 2016; Ouchterlony, et al., 2002; Hustrulid and Lu, 2002) .
The size of the rock fragments after blasting is an important parameter in mining and its determination is crucial for good production. Fragment size depends on primary jointing of the rock mass and blasting pattern. Fragmenting of the monolith rock is done through the creation of the tension cracks that form a single fragment. Most of models for fragment size estimation are based on empirical relationships coupled with statistical methods (Gheibie, et al., 2009; Ouchterlony, 2005; Cunningham, 1983) . There is a lack of models based on constitutive equations able to estimate the length and spacing between blast-induced fractures in rock material.
On the other hand, there are numerous practical tests in different scales conducted. Esen et al. (2003) conducted a large number of small scale tests relating the properties of rock and explosives with the crack zone size. Olsson and Bergquist (1996) performed a series of blast tests identifying the influence of different parameters on radial cracks lengths. Ouchterlony (1997) used a curve fitting technique with in-situ data from the Vanga quarry in southern Sweden in order to obtain the relationship between explosive properties and crack lengths.
Numerical modeling of crack initiation and development is a common practice these days (Hu, et al., 2015; Goodarzi, et al., 2015; Saharan and Mitri, 2008; Zhu, et al., 2007) . Numerical models can provide good insight into rock fracturing and give a good estimate of the length of blast-induced cracks or cracks induced by fracking. Also numerical models can be used for fragmentation assessment (Yi, et al., 2017) , but with few limitations regarding time and cost of computation.
Herein, focus is given on explaining how tension cracks are formed under detonation of an explosive charge, with relation to how length and distance between different sets can be calculated using rock strength and deformability parameters determined in the laboratory. Possibilities for further application of the results for blasting pattern and fragmentation estimate are discussed.
ROCK FRACTURING UNDER EXPLOSIVE LOAD

Radial tension cracks
If we take a look at the curve of ideal and non-ideal detonation in the p-t (pressure -time) diagram (Figure 1) , it can be concluded that pressure at the borehole wall is applied instantly, and then it lasts for a certain period of time. These are all properties of the impact load. This load induces a pressure wave that propagates cylindrically around the cylindrical explosive charge (Figure 2 ). An impact load is applied at the borehole wall in the zone of the reaction which is followed by its retention for a certain period of time. At the distance rcn from the borehole compressive stress of the rock in the radial direction is (Torbica and Lapcevic, 2014) :
Where:
On the other hand:
M -pressure wave modulus (Mavko, et al., 2009 ) r e -radial strain
With expression:
Radial compressive stress from Equation (2) can be expressed as:
Then, the radial strain is:
Considering Equation (1), it becomes:
If we focus on rock particles on the cylindrical surface at a distance rcn from the borehole, their perimeter before the pressure wave reaches them is:
After the pressure wave reaches these particles, they are moved to a new positions in similar cylindrical form with radius ( + cn cn rr ). In this case, the perimeter is increased: 
Respectively:
Strain that will form one radial tension crack at distance cn r is:
Where: t e -tensile strain,  t -tensile strength, E -Young's modulus of rock.
Number of radial tension cracks at the distance cn r is:
Respectively: 
Tension cracks subparallel to the free surface
As it was already mentioned, the strain in direction of the pressure wave propagation (compression) is numerically equal to the strain in the plane of the wave front (tension).
Looking from the borehole, it is possible to differentiate 3 zones:
1. First zone where pressure load is larger than the rock strength and where the rock between the radial cracks is sheared. Many authors identify this zone as the crushing zone (Whittaker, et al., 1992) , 2. Zone where only radial tension cracks are formed due to the plane's tension from the pressure wave front and compression in a direction perpendicular to the pressure wave front in the elastic zone. This is zone where only tensile failure occurs.
3. In third zone, all strains are smaller than the strain that cause rock failure. This is a zone of elastic deformations.
Figure 4
Pressure-time history for gas pressure in the boreholes (Cho and Kaneko, 2004) After the drop of pressure in the blasthole, after few milliseconds, in Figure 4 , the rock between the pressure wave front and crushing zone, that has been under elastic deformation, is returned to its initial deformation state.
Cylindrical explosive charge, whose axis is parallel with the free surface, placed at the distance "B" from the free surface ( Figure 5 ) is the charge with normal burden. Distance B is the burden of the explosive charge and can be calculated using the expression: With the cylindrical explosive charge, with normal burden, pressure wave propagates cylindrically and forms radial tension cracks. When two radial cracks reach the free surface rock wedge is formed ( Figure 6 ). A pressure wave reaches the free surface before the wedge is formed as illustrated at Figure 7 . Rock particles that form the free surface have no rock medium to transfer the strain energy, so they continue to move in same direction (pressure wave propagation).
Next rows of particles follow this motion in same manner. The distance between the rock particles was decreased proportionally to the compressive load, i.e. intensity of pressure wave. If the rock material would be ideally elastic, rock particles would move to the equilibrium state and then continued to move for the quantity of compressive strain. This means that between two particles, tension is formed instead of compression. Strain would be same, but with a different sign. Since real rock material is not ideally elastic, but plastic, only one portion of compressive energy will be recoverable and available for tension after sudden unloading (Figure 8 ). Figure 9 illustrates the complete stress-strain (loading-unloading) curves for fine grained magmatic and porous sedimentary rocks. From here, it is easy to notice the large difference between absorbed and recoverable strain energies for those typical rock materials. It is logical to conclude that ratio between compressive strain and tensile strain is the same as the ratio between total strain energy (absorbed + recoverable) and recoverable strain energy. Tensile strain in radial direction, at distance B from the borehole, is expressed as:
For the formation of one tensile crack necessary strain is:
At the distance B number of formed tensile cracks is:   ==  rt h h sr tt e P r I n e k B
Therefore, first tension crack subparallel with the free surface is formed at the distance b from the free surface: Next, a tension crack forms at the distance b1 that is smaller than distance b, since the tensile strain is larger, so distance b2 is smaller than b1 and so on (Figure 10 ).
If the explosive charge is placed at the distance:
spalling would occur, since the explosive charge is further than B, the radial cracks are not reaching the free surface, and the rock wedge is not separated. Anyhow, if the rock has a large recoverable strain energy, then b is very small and that part of the rock is fractured, as has been already explained (Figure 11 ). 
Tension cracks perpendicular to the free surface
Detonation is a process that lasts for a certain amount of time and propagates along the explosive charge. The explosive is placed in the borehole and the charge has a cylindrical shape (length is much large than diameter). The explosive charge is usually initiated at one end. Figure 12 illustrates the initiation of the explosive charge from the beginning of the blasthole. First, radial tension cracks are formed and if the explosive charge is at a proper distance from the free surface rock, a wedge is separated ( Figure 6 ). Secondly, tension cracks subparallel to the free surface are formed (Figure 10) . Separation of the wedge goes from the beginning to the end of the borehole and it has the form of the cantilever. Explosion gases are bending this cantilever and in the tension zone, tensile cracks are formed that are perpendicular to the free surface. Figure 13 illustrates the initiation of the explosive charge from the bottom of the blasthole. In this case, the formation of the radial and subparallel tension cracks goes from the bottom of the blasthole. Wedge has the form of the beam fixed at both ends. When the length of the beam exceeds the critical point, bending occurs and tension cracks perpendicular to the free surface are formed in the tension one.
Radial and cracks subparallel to the free surface are formed by the pressure wave, while tension cracks that occur from the bending of beam/cantilever are caused by the pressure of the gases. Expansion of gases produces the further collision between fragments and their further fragmentation. 
CONCLUSION
Rock blasting has been used for long time in hard rock excavation, so many practical and theoretical techniques have been developed since then. Rock breakage under explosive load has been one of the subjects that many researchers have been focusing on. As a result, it is known that explosive detonation induces the tension cracks in the rock and its fragmentation, while gaseous products are of secondary order. Creating the proper blasting pattern assumes the proper determination of the burden of each explosive charge, and for this purpose mainly empirical or semi-empirical solutions exist.
Herein, the mechanism of monolith rock fragmentation is explained. Detonation of an explosive charge induces 3 main sets of fractures that are conditionally mutually perpendicular. If we disregard the close perimeter of blast hole where shear failure occurs, the main failure mode in the rock is by tension. Radial tension cracks are formed by the influence of the pressure wave generated by detonation. Due to its cylindrical propagation and high power, certain parts of the rock are under tension and tensile failure occurs with the remaining tension crack. In close perimeter of the blast hole, the density of these radial tension cracks is higher and decreases with the distance from the blast hole. Formulation is provided to estimate the radial crack lengths which is further used for the proper determination of the burden for an explosive charge.
The second set of tension cracks that is formed by detonation is subparallel with the free surface. Once the pressure wave reaches the free surface, particles of rock have high energy with no other rock particles to transmit it to. These particles are continuing to move in the direction of the stress wave propagation and at a certain distance from the free surface, a tension crack is formed and the fragment is separated from the main rock. The relationship that is provided to describe distance with subsequently formed subparallel cracks is based on the amounts of absorbed and recoverable energy that can be obtained from laboratory tests. In special conditions, when the distance between borehole and free surface is not small enough to cause rock fragmentation, the spalling effect occurs.
A third set of tension cracks is formed as a result of the excessive load of the beam or cantilever, depending on the side of the explosive initiation. All three sets form the rock fragments whose size depends on the distance between the different sets. Using the formulation provided, it is possible to apply these directly for the blasting pattern design, as well as fragment size estimation.
